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Epithelial morphogenesis: Filopodia at work
Enrique Martín-Blanco* and Elisabeth Knust†
Spreading and fusion of epithelial sheets are conserved
morphogenetic mechanisms that help shape embryos
and tissues. Recent findings suggest that the formation
of dynamic filopodia at the leading front of the epithelia
plays a critical role in regulating cell movement and
recognition during these processes.
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Epithelial cells are organized in polarized, monolayer
sheets and build up a range of forms, including a wide
variety of tubes and vesicles. The movement and fusion
of epithelial cells during development is an essential and
ubiquitous morphogenetic event, in both vertebrate and
invertebrate systems. Many of these processes, such as
epiboly in teleosts, amphibians and birds, neural tube and
palate closure in vertebrates, ventral enclosure in Caenorhab-
ditis elegans, and embryonic dorsal closure and imaginal disc
fusion in Drosophila melanogaster, involve extensive and
directed movements of two epithelial faces. Strikingly,
wound healing in vertebrates depends on similar move-
ments and cellular processes. Although morphological
descriptions of these processes are classical paradigms of
embryology and pathology, the genetic and cellular mecha-
nisms that underlie these events are still poorly understood. 
The movement and sealing of epithelial sheets can be sub-
divided into three distinguishable and related steps: first,
leading cells are specified and brought into position;
second, cells execute a coordinated forward movement by
changing shape and/or migrating over a substratum; and
third, epithelial cells merge and fuse. Little is known about
how the leading cells are specified, or how their cytoskele-
ton dynamics, adhesion properties and recognition abilities
are modulated. Some recent studies have convincingly
shown that the so-called leading edge is actually not a rigid
front of cells, but rather a dynamic structure that actively
sends out and retracts filopodia (Figure 1). These are
required both for the movement of the cell sheet and the
recognition of the correct partners prior to sealing. We shall
summarize recent results by comparing dorsal closure in
Drosophila embryos, ventral enclosure in C. elegans and
imaginal disc fusion during Drosophila metamorphosis.
The origin of leading cells
During ventral enclosure in C. elegans, two different types
of leading cell can be distinguished: two sets of contralat-
eral anterior cells, which initiate the process, and two sub-
populations of eight posterior cells, which appear to lead
a later expansion event [1]. These cells, which originate
exclusively by lineage, localize at the free edge of each
epithelial sheet. 
During dorsal closure in Drosophila, leading edge cells in
the epidermis arise at the border between two subpopula-
tions of ectodermal cells, the lateral epidermis and the
dorsal amnioserosa. The latter subpopulation will be
engulfed inside the embryo. Leading edge cells at the
interface are columnar and express specific proteins, such
as Puckered (Puc), a phosphatase of the Jun N-terminal
kinase (JNK) pathway, and Decapentaplegic (Dpp), a
Drosophila member of the transforming growth factor β
(TGF-β) family [2,3].
The situation in Drosophila imaginal discs during
metamorphosis seems to be rather more complex than
this. During larval stages, imaginal discs are connected
through small stalks to the larval epidermis, forming sac-
like structures. These stalks have tens of cells at their
perimeter. During disc evagination, the perimeter of the
stalk widens and, at the onset of spreading of the imaginal
epithelia, edge cells increase dramatically in number in
the absence of cell division. Leading edge cells, like their
embryonic counterparts, express puc [4–7], which can also
be detected in cells of the stalk prior to evagination.
The spreading of the epithelia
One would expect that any mechanism for directing the
spreading of epithelial sheets should involve dynamic
control of the balance between the intrinsic motility of
cells and the strength of their adhesions to the substratum
and to neighboring cells. The truth of this assumption is
starting to become evident, as recent studies have revealed
links between adhesion molecules and cytoskeletal activity
during epithelial fusion in C. elegans and Drosophila. 
During ventral enclosure in C. elegans, spreading proceeds
in two steps. The initial migration is led by the anterior
cells, which display actin-rich filopodia. Once these cells
have reached the opposite side, the remainder of the
leading cells accumulate actin microfilaments, forming a
ring which pulls the edges of the hypodermal sheet in a
‘purse-string’ fashion. When the epithelial sheets meet at
the ventral midline, nascent junctions form by rapid
recruitment of cadherin–catenin complexes to filopodial
contacts [8]. This ‘filopodial priming’ — prealignment of
bundled actin in filopodia, combined with the recruitment
of α-catenin from cytoplasmic reserves — leads to a rapid
creation of adherens junctions [9].
During embryonic dorsal closure in Drosophila, the mechan-
ical forces leading to spreading of the epidermis are
generated by the above-mentioned purse-string and by
contraction of the amnioserosa [10]. Throughout this
process, the amnioserosa and the epidermal cells keep
their relative positions constant, maintaining the whole
epithelial surface under tension. Actin and non-muscle
myosin accumulate at the leading edge. In the absence
of this contractile machinery, embryos show dorsal-open
phenotypes [11]. Remarkably, during dorsal closure long,
protruding filopodia are present at the embryonic leading
cells [12]. These filopodia could, in cooperation with
epithelial shrinking, participate in pulling together the
contralateral sides of the epidermis. Both filopodia exten-
sion and the accumulation of actin and non-muscle
myosin depend on the activity of Rho GTPases and JNK
signaling [2,12,13].
JNK activity also triggers expression of puc and dpp [2,3].
The Puc phosphatase provides negative feedback on JNK,
regulating the level of its activity. The role of Dpp is less
clear. In mutants for members of the Dpp cascade, cells
elongate correctly but the actin cytoskeleton suffers an
extreme compaction, generating epidermal bunching [14].
Dorsal bunching is also observed in mutants for wingless
(wg) and armadillo (arm), which encodes the Drosophila
β-catenin homologue. Interestingly, wg signaling appears
to cooperate with JNK activity to regulate dpp expression
at the leading edge, suggesting the existence of redundant
mechanisms which should be elucidated in the future [15].
During metamorphosis, imaginal discs come together and
spread by crawling over the larval epidermis [4,7]. Forward
locomotion of imaginal cells involves extensive filopodia
which protrude out of leading cells, expand over the larval
surface and form actin bridges [4]. The filopodia seem to
have two functions: to exert a mechanical force and to
sense specific positional cues. During imaginal closure, JNK
signaling is necessary for filopodia formation and control
of adhesion between imaginal and larval epidermal cells
[4]. In mutants deficient in JNK signaling, larval cells
detach, disrupting the continuity of the epithelium. A
similar defect has also been observed during dorsal closure
in embryos lacking JNK signaling (E.M.-B., unpublished
results). In discs, as in embryonic dorsal closure, loss of
dpp causes leading edges of segments to be pulled together
into bunches [4]. Thus, dpp signaling is involved in the
regulation of cytoskeleton dynamics, and in its absence
filopodia are missing. How its activity is implemented is
not known.
Cell recognition
To stop sheet movement and ensure correct sealing, the
leading cells of each sheet must sense their approaching
counterparts and direct the disassembly of their motility
machinery. As not all cells of a spreading sheet carry
the same positional information, the leading cells always
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Figure 1
Three model examples of the spreading and
fusion of epithelial sheets are illustrated:
ventral enclosure in C. elegans (top), and
embryonic dorsal closure (middle) and
imaginal disc fusion (bottom) in Drosophila.
Each of these processes is led by filopodia
protruding from the epithelial front. Ventral
enclosure initiates by the spreading of anterior
cells (red) driven by actin-rich filopodia
(yellow). A second step in closure is mediated
by an actin cable (yellow) at the leading edge
of posterior cells [1]. During dorsal closure,
epithelial leading cells express Puckered
(Puc), a JNK phosphatase (blue circles),
accumulate actin (yellow) and display very
active filopodia which may have mechanical
and sensorial functions [12]. Disc fusion is
also driven by Puc-expressing cells (blue
circles). Actin-rich filopodia (yellow) are
stimulated at the leading front in a temporally
controlled fashion. They initiate early at the
anterior edge, and then develop at the
posterior [4]. These filopodia create
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recognize and correctly align with their matching partners.
In C. elegans, little is known about the cues that cause cells
to terminate their migration. Cells that engage in cad-
herin-dependent filopodial priming rapidly contract their
filopodia upon contact, suggesting that cadherin-depen-
dent cues may contribute to the ‘stop’ signal. In the absence
of the HMR-1 cadherin, cells are often seen to be mis-
matched, making incorrect contacts along the anteroposte-
rior axis [9]. Similar mismatches occur in embryos lacking
MAB-20, a semaphorin homologue [16]. Given the estab-
lished role of semaphorins as repulsive cues for guidance
of neuronal axons, MAB-20 is a good candidate for being
a signaling molecule that prevents ectopic contacts of
leading cells [16].
Drosophila embryos are segmented, with each segment
subdivided into anterior and posterior compartments
[17,18]. The zipping-up of epithelia during dorsal closure
proceeds simultaneously from the anterior and posterior
ends of the embryo, and follows compartmental restric-
tions. Indeed, several markers that accumulate in leading
cells, such as phosphotyrosine-containing epitopes or DPAK,
the Drosophila homologue of p21-activated-kinase-3 (a
JNK kinase kinase), display differential expression in cells
of the anterior and posterior compartment [13]. Further-
more, the filopodia extended by the leading cells appear
to discriminate between different compartments [12].
Interestingly, some alleles of puc cause irregular stitching
of the epithelia at the dorsal midline and, frequently, aber-
rant contacts between different segments, suggesting that
downregulation of JNK signaling is necessary for recogni-
tion and fusion [2].
The same positional recognition applies to imaginal discs
and the imaginal cells of the histoblasts. Segmental
mismatches within adult structures, occasionally observed
in wild-type conditions, always show a precise alignment
between contralateral hemisegments, with anterior and
posterior cells perfectly ordered. In wing discs, the process
of fusion is absolutely stereotyped. First, the most anterior
cells meet at the midline, followed by the most posterior
ones, and last cells to zip up are those from middle
positions [4,7]. Remarkably, the outgrowth of filopodia
accurately follows this temporal developmental program
[4]. As in embryos, a sensitive mechanism must presum-
ably be at work to control recognition, but in this case it
takes place amongst hundreds of cells. Neither for embryos
nor for discs or histoblasts are the elements that mediate
this precise matching known.
The processes described here are only three examples to
demonstrate how traction by filopodia and lamellae, in
combination with actin-cable contraction, participate in
the forward movement of epithelia. How actin protrusions
also facilitate segmental alignment and correct cell con-
tacts is not known. The analysis of cell–cell adhesion
between mouse keratinocytes has linked filopodia forma-
tion and embedding into neighbouring cells to stimulation
by calcium. Calcium also promotes the clustering of E-
cadherin and α-catenin to filopodia tips, in puncta that
align at both sides of cell–cell contacts. These puncta then
resolve into a single row by an active propulsion step
mediated by the reorganization of the actin cytoskeleton
[19]. Remarkably, similar operations may occur during
the processes considered here. During epithelial fusion in
C. elegans (see above) [9] and dorsal closure in Drosophila,
α-catenin-rich adherens junctions with links to the actin
cable are found in the free epithelial margin [12]. During
disc fusion, we have found that altering E-cadherin
accumulation leads to open thorax phenotypes (E.M.-B.,
unpublished results).
We are starting to learn how cells behave during the
morphogenetic processes of epithelial fusion. Exploitation
of the genetically tractable model systems discussed above
will increase our understanding of the elements control-
ling adhesion, polarity and recognition in epithelial cells,
and how they coordinate their activities during morpho-
genesis. Moreover, they will help to reveal the extent to
which the molecular and cellular mechanisms underlying
epithelial sheet spreading and fusion have been conserved
during evolution.
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